Huda R, McCrimmon DR, Martina M. pH modulation of glial glutamate transporters regulates synaptic transmission in the nucleus of the solitary tract. J Neurophysiol 110: 368 -377, 2013. First published April 24, 2013 doi:10.1152/jn.01074.2012.-The nucleus of the solitary tract (NTS) is the major site for termination of visceral sensory afferents contributing to homeostatic regulation of, for example, arterial pressure, gastric motility, and breathing. Whereas much is known about how different neuronal populations influence these functions, information about the role of glia remains scant. In this article, we propose that glia may contribute to NTS functions by modulating excitatory neurotransmission. We found that acidification (pH 7.0) depolarizes NTS glia by inhibiting K ϩ -selective membrane currents. NTS glia also showed functional expression of voltagesensitive glutamate transporters, suggesting that extracellular acidification regulates synaptic transmission by compromising glial glutamate uptake. To test this hypothesis, we evoked glutamatergic slow excitatory potentials (SEPs) in NTS neurons with repetitive stimulation (20 pulses at 10 Hz) of the solitary tract. This SEP depends on accumulation of glutamate following repetitive stimulation, since it was potentiated by blocking glutamate uptake with DL-threo-␤-benzyloxyaspartic acid (TBOA) or a glia-specific glutamate transport blocker, dihydrokainate (DHK). Importantly, extracellular acidification (pH 7.0) also potentiated the SEP. This effect appeared to be mediated through a depolarization-induced inhibition of glial transporter activity, because it was occluded by TBOA and DHK. In agreement, pH 7.0 did not directly alter D-aspartate-induced responses in NTS glia or properties of presynaptic glutamate release. Thus acidification-dependent regulation of glial function affects synaptic transmission within the NTS. These results suggest that glia play a modulatory role in the NTS by integrating local tissue signals (such as pH) with synaptic inputs from peripheral afferents. glia; astrocyte; glutamate uptake; nucleus of the solitary tract; CNS acid-base influence; synaptic transmission; TBOA
BESIDES PROVIDING METABOLIC and structural support for neurons, glia also modulate neuronal activity, synaptic transmission, and critical physiological functions (Angulo et al. 2004; Fellin et al. 2004; Gourine et al. 2010; Grosche et al. 1999; Oliet et al. 2001; Perea et al. 2009; Poskanzer and Yuste 2011; Wang and Bordey 2008) . The caudal nucleus of the solitary tract (NTS), a major hub of visceral sensory input, mediates regulation of crucial homeostatic functions such as breathing, arterial pressure, gastric motility, and food intake (Alheid and McCrimmon 2008; Dean and Putnam 2010; Herman et al. 2009; Kanoski et al. 2012 ). Light and electron microscopy studies have shown that astrocytic processes cover excitatory synapses in the NTS, suggesting they can regulate neurotransmission (Chounlamountry and Kessler 2011) . NTS glia respond to stimulation of afferent fibers in the solitary tract with an increase in intracellular calcium, and selective activation of astrocytes leads to glutamate-dependent activation of NTS neurons (Hermann et al. 2009; McDougal et al. 2011) , implying that astrocytes are functionally integrated within NTS networks that modulate sensory processing. However, the role of glial function on neuronal synaptic transmission within the NTS remains unknown.
Glia throughout the brain buffer and uptake glutamate released during synaptic transmission through expression of high-affinity glutamate transporters (Anderson and Swanson 2000) . This safeguards neurons from excitotoxicity by maintaining a low ambient concentration of glutamate (Rothstein et al. 1996) , limits glutamate spillover to preserve synapse specificity (Arnth-Jensen et al. 2002; Asztely et al. 1997) , and controls activation of extra-and presynaptic receptors (Chen and Diamond 2002; Huang and Bordey 2004; Mitchell and Silver 2000) . In addition, glia are characterized by a particularly hyperpolarized resting membrane potential, which is set by background potassium channels (Wang and Bordey 2008; Zhou et al. 2009 ). Importantly, the activity of several of these channels is regulated by both extracellular and intracellular pH (Enyedi and Czirják 2010; Mulkey and Wenker 2011; Patel and Honoré 2001) . Downregulation of background potassium channel activity depolarizes cortical glia, and since glutamate transport is electrogenic (Zerangue and Kavanaugh 1996) , this leads to a decrease in glutamate clearance (Djukic et al. 2007; Kucheryavykh et al. 2007) .
In this article, we present evidence supporting a novel mechanism for glia to modulate excitatory synaptic transmission within the NTS. We show that extracellular acidification depolarizes the glial membrane potential through an effect on pH-sensitive potassium channels. Acidification-induced glial depolarization limits glutamate uptake, thereby potentiating the glutamatergic slow excitatory potential previously described in the NTS (Ballanyi et al. 1993; Fortin et al. 1992 ). These findings suggest that glia may regulate the integration of peripheral synaptic afferents with local tissue signals (such as pH) to modulate NTS functions. NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 25 glucose, 0.1 CaCl 2 , and 7 MgCl 2 ) equilibrated with 95% O 2 and 5% CO 2 .
Transverse slices (275-300 m) containing the NTS (from between ϳ925 and 100 m caudal to the obex; i.e., the opening of the central canal into the 4th ventricle) were cut using a Vibratome (Thermo Scientific), and recordings were made from commissural and medial NTS. Slices were stored in sucrose-based ACSF (in mM: 87 NaCl, 25 NaHCO 3 , 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.1 CaCl 2 , and 7 MgCl 2 ; equilibrated with 95% O 2 and 5% CO 2 ) for ϳ30 min at 33-35°C after cutting and at room temperature thereafter until used for recordings.
Slices were transferred to a recording chamber constantly superfused with regular bicarbonate-buffered ACSF (in mM: 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 25 glucose, 2 CaCl 2 , 1 MgCl 2 , bubbled with 95% O 2 and 5% CO 2 ) at room temperature (22-24°C, unless stated otherwise). Recordings were made with an Axopatch 200B (Axon Instruments) and/or MultiClamp 700A (Axon Instruments) amplifier from up to two cells at once, digitized with a 1440A Digidata acquisition board (Molecular Devices), and displayed and saved on a digital computer with Clampex 10.2 software (Molecular Devices). Slices were visualized with an upright microscope (Olympus) with oblique infrared illumination and video microscopy using a digital camera (DVC). Patch pipettes were fabricated from borosilicate capillary tubes (Dagan: OD ϭ 1.65 mm, ID ϭ 0.75 mm; or Sutter instruments: OD ϭ 1.5 mm, ID ϭ 0.86 mm) using a horizontal (P97; Sutter Instruments) or vertical puller (PC-10; Narishige) and had tip resistances of 2-8 M⍀ when filled with working solution. Traces were filtered at 10 kHz (current clamp) or 5 kHz (voltage clamp) using the built-in filter and digitized at 20 or 10 kHz, respectively. Extracellular acidification (from pH 7.4 to 7.0) was obtained either by reducing the concentration of NaHCO 3 from 25 to 9 mM (while NaCl concentration was increased from 125 to 141 mM) or by focal application of a HEPES-buffered ACSF titrated at pH 7.0 (see below). Recordings were performed at room temperature unless otherwise specified (such as in Fig. 8) .
Patch-clamp recordings from neurons. Synaptic recordings were made using a K-gluconate-based solution (in mM: 130 K-gluconate, 10 NaCl, 2 MgCl 2 , 2 Na 2 ATP, 0.2 NaGTP, 10 EGTA, and 10 HEPES, titrated to pH 7.3 with KOH) in the presence of 100 M picrotoxin and 1 M strychnine (to block GABAergic and glycinergic neurotransmission, respectively). Series resistances were Ͻ25 M⍀ and were not compensated. Synaptic stimulation was done using a large (ϳ1-2 M⍀) pipette filled with HEPES-buffered ACSF (HB-ACSF; in mM: 138 NaCl, 2.5 KCl, 10 HEPES, 25 glucose, 2 CaCl 2 , and 1 MgCl 2 , titrated to pH 7.4 with 1 N NaOH) placed in the solitary tract. Responses were evoked using a 200-s-long pulse delivered through an isolation unit (A365; World Precision Instruments) with a stimulus intensity of 50 -200 A. Correct placement of the stimulating pipette was verified through presence of synaptic currents in response to a single shock in voltage-clamp mode (at Ϫ60 mV). Slow excitatory potentials (SEPs) were recorded in the current-clamp mode, and negative DC current was injected to keep the baseline membrane potential around Ϫ70 mV (0 to Ϫ100 pA). SEPs were recorded in response to trains of 20 shocks delivered at a frequency of 10 Hz (see Fig. 4A ). This train was repeated at a frequency of 0.02 Hz, and 3-10 traces were averaged for each condition. The baseline was zeroed, and the SEP amplitude was determined by averaging data points within a 20-ms window, 300 ms after the last stimulus in the train (dotted vertical line in Fig. 4A ), relative to a similar baseline window preceding the train. The 300-ms time frame was chosen because fast excitatory postsynaptic potentials (EPSPs) showed a full decay to baseline within 300 ms. A K-thiocyanate-based internal solution was used for recording the response to focal application of D-aspartate (D-Asp) on neurons (see Fig. 5C ; in mM: 160 K-thiocyanate, 10 EGTA, 10 HEPES, 2 Na 2 ATP, 0.2 NaGTP, and 1 MgCl 2 ).
Patch-clamp recordings from glia. To identify potential glia, we used the dye sulforhodamine-101 (SR-101), which in the NTS predominantly labels astrocytes (McDougal et al. 2011) . Slices were incubated in sucrose-based ACSF containing 0.67 M SR-101 for 25 min, and then for 15 min in dye-free sucrose ACSF at 34 -35°C, followed by storage at room temperature. A KCl-based intrapipette solution was used for all glial whole cell patch-clamp recordings (in mM: 140 KCl, 2 MgCl 2 , 10 EGTA, 10 HEPES, 2 Na 2 ATP, 0.2 NaGTP, and 20 sucrose, titrated to pH 7.3 with 2 N KOH). Rhodamine-labeled cellular structures resembling glia were targeted for recordings while avoiding large-diameter structures resembling neurons. The glial phenotype of these cells was confirmed by the absence of action potentials in response to positive current injections of up to 6 nA (see Fig. 1A ).
We used pressure applications (10 -20 psi) through puffer pipettes pulled from single-barrel borosilicate glass tubing with resistances of ϳ1-2 M⍀ connected to a Picospritzer II (General Valve) for focal application. A HEPES ACSF solution titrated to pH 7.0 was used to focally acidify glia. D-Asp (100 or 500 M) was dissolved in bath ACSF (which contained 5 mM kynurenic acid, 100 M picrotoxin, and 1 M strychnine; bubbled with 95% O 2 and 5% CO 2 ). Puffer pipettes for the current-voltage relationship of D-Asp-induced responses were pulled from single-barrel tubing, whereas pipettes for experiments requiring drug applications were pulled from theta glass tubing (Sutter Instruments). One side of the theta pipette was filled with a solution containing D-Asp, whereas the other contained the drug of interest in addition to D-Asp. Drugs were also preapplied in the bath. To eject solution from only one barrel at a time, a piece of polyethylene tubing was inserted in each of the barrels and the output line of the Picospritzer was manually switched from one outlet to another. Barium-containing solution was applied using a gravitydriven quartz pipe (OD ϭ 360 m, ID ϭ 255 m; Polymicro Technologies) placed near the patched glia.
All chemicals, as well as kynurenic acid and strychnine, were purchased from Sigma-Aldrich. D-(Ϫ)-2-Amino-5-phosphonopentanoic acid (D-AP5), picrotoxin, 6,7-dinitroquinoxaline-2,3-dione disodium salt (DNQX), (RS)-␣-methyl-4-carboxyphenylglycine (MCPG), DL-threo-␤-benzyloxyaspartic acid (TBOA), (3S)-3- [[3-[[4-(trifluoromethyl) benzoyl] amino]phenyl]methoxy]-L-aspartic acid (TFB-TBOA), and (2S,3S,4R)-2-carboxy-4-isopropyl-3-pyrrolidineacetic acid (DHK) were purchased from either Tocris (R & D Systems) or Ascent Scientific (Abcam Chemicals). Drugs were dissolved in stock solutions (kynurenic acid, 500 mM in 1 N NaOH; picrotoxin, 50 mM in DMSO; DNQX, 20 mM in dH 2 O; D-AP5, 50 mM in dH 2 O; MCPG, 100 mM in dH 2 O; TBOA, 100 mM in DMSO; TFB-TBOA, 1 mM in DMSO; DHK, 25 mM in dH 2 O; strychnine, 1 mM in dH 2 O) and stored at 2-3°C (kynurenic acid, picrotoxin, strychnine) or Ϫ20°C (D-AP5, DNQX, MCPG, TFB-TBOA, DHK). Working solutions were prepared daily. Acidified ACSF or drug were bath applied for ϳ5 min.
Analysis of electrophysiological data. Electrophysiological data were analyzed using Clampfit 10.2 software (Molecular Devices). The effect of acidification on glial membrane potential was measured by subtracting the peak potential reached during application of pH 7.0 (averaged over a 1-to 5-s window) from the preceding baseline. For voltage-clamp ramp experiments, the current at the peak of the ramp (0 mV) was measured during perfusion of control solution (pH 7.4) or focal application of pH 7.0. A hyperpolarizing pulse (300 ms, from Ϫ70 to Ϫ90 mV; not shown) was used to measure the input resistance during control and pH 7.0 application.
To determine the current-voltage relationship of the D-Asp-induced currents, we focally applied D-Asp at holding potentials ranging from Ϫ100 to Ϫ40 mV in 10-mV increments. Currents were normalized to the current evoked at Ϫ80 mV. We determined the net current amplitude for each potential by subtracting the peak amplitude from the preceding baseline. Currents were normalized to the current evoked at Ϫ80 mV. For experiments investigating the pharmacology of transport currents, we measured the charge transfer induced by a 3-s focal application of D-Asp by integrating over a 20-to 40-s window from the beginning of the application.
The effect of acidification and barium on glia was tested using paired t-tests. The effect of external K ϩ on the pH-sensitive current in glia was assessed using an unpaired t-test. Effects of the experimental treatments on the neuronal SEP were evaluated using the two-tailed Wilcoxon signed-rank test (unless stated otherwise). One-tailed paired t-tests were used for assessing the effects of pharmacological agents on transport currents, and two-tailed t-tests were used for all other analyses, unless stated otherwise. Data were normalized to the group average of control values for each respective experiment. All data are means Ϯ SE; error bars in graphs represent ϮSE.
RESULTS
NTS glia are pH sensitive. We performed patch-clamp recordings from acute slices to investigate proton modulation of NTS glia and its possible contribution to NTS chemosensitivity. To identify glial cells, transverse brain stem slices containing the NTS were stained with 0.67 M SR-101 (see MATERIALS AND METHODS) and fluorescently labeled cellular structures resembling glial morphology were targeted for patch-clamp recordings. Glial phenotype of the patched cells was confirmed by their characteristic negative resting membrane potential (Ϫ81.6 Ϯ 1.1 mV; n ϭ 19) and a passive current-voltage relationship (n ϭ 13; Fig. 1, A and B) . Pressure application of HB-ACSF titrated to pH 7.0 from a pipette depolarized glia by 11.2 Ϯ 3 mV ( Fig. 1C ; n ϭ 6). Likewise, bath application of pH 7.0 bicarbonate-buffered ACSF (containing 9 mM NaHCO 3 , bubbled with 95% O 2 and 5% CO 2 ) caused a depolarization of 8.5 Ϯ 1.5 mV ( Fig. 1D ; n ϭ 5).
Next, we used voltage-clamp ramp recordings to elucidate the ionic mechanism underlying this depolarization (Fig. 2) . Membrane currents were recorded in control conditions and during focal application of pH 7.0 (HB-ACSF) while the membrane potential was ramped from Ϫ130 to 0 mV (from a holding potential of Ϫ70 mV, Fig. 2A ). Subtracting the current traces obtained in pH 7.0 from control revealed that the pH-sensitive current ( Fig. 2A , bottom) has a linear currentvoltage relationship and reverses at Ϫ89.1 Ϯ 5.5 mV (n ϭ 8), close to the theoretical K ϩ Nernst potential of Ϫ102 mV expected for our experimental conditions (2.5 mM extracellular K ϩ ). Acidification led to a significant reduction in the membrane current recorded at 0 mV ( Fig. 2B ; 3.35 Ϯ 0.4 vs.
2.39 Ϯ 0.3 vs. 3.06 Ϯ 0.4 nA in pH 7.4, pH 7.0, and washout, respectively; n ϭ 8; P Ͻ 0.05), which was accompanied by an increase in membrane resistance ( Fig. 2B ; 26.9 Ϯ 3.9 vs. 39.9 Ϯ 7.0 vs. 30.1 Ϯ 5.7 M⍀ in pH 7.4, pH 7.0, and washout, respectively; n ϭ 8; P Ͻ 0.05).
To test the K ϩ selectivity of the pH-sensitive current, we focally applied pH 7.0 (HB-ACSF) in the presence of 10 mM extracellular K ϩ . Under this condition, the reversal potential of the pH-sensitive current was depolarized to Ϫ59.1 Ϯ 3.3 mV (close to the predicted K ϩ Nernst potential of Ϫ67 mV; n ϭ 5), compared with Ϫ89.1 Ϯ 5.5 mV in the presence of 2.5 mM extracellular K ϩ (n ϭ 8; Fig. 2 , C and D; P Ͻ 0.05, 2-tailed independent Student's t-test). Increasing the extracellular K ϩ concentration from 2.5 to 10 mM led to an average ϳ30-mV depolarizing shift in the reversal potential of the pH-sensitive current, close to the 35-mV shift predicted by the Nernst equation for a K ϩ -selective conductance. These experiments acidified the extracellular solution by switching from bicarbonate-buffered (pH 7.4) to HEPES-buffered (pH 7.0) ACSF. Hence, the observed reduction in the membrane current might be due to a reduction in the bicarbonate concentration, rather than acidification. To address this possibility, we repeated the acidification experiments in slices superfused with HEPES-buffered ACSF (pH 7.4, bubbled with 100% O 2 , 2.5 mM extracellular K ϩ ). Similar to previous Fig. 2 . Inhibition of K ϩ -selective currents mediates the pH sensitivity of NTS glia. A: NTS glia were voltage-clamped at Ϫ70 mV. The voltage was stepped down to Ϫ130 mV, slowly ramped up to 0 mV (1-s duration), and then stepped back down to Ϫ70 mV (top trace). Middle traces, current response recorded in pH 7.4 and during focal application of pH 7.0 (HEPES-buffered ACSF; average of 5-7 traces) in the presence of 2.5 mM extracellular K ϩ . Bottom trace, the pH-sensitive component obtained by digital subtraction of the current in pH 7.0 from the control current. In this cell, the pH-sensitive current reversed at Ϫ90 mV (E rev , reversal potential). B: bar chart summarizing results from 8 cells. Focal acidification reduced the peak current (I) obtained at 0 mV from 3.35 Ϯ 0.4 to 2.39 Ϯ 0.3 nA. This reduction was accompanied by an increase in membrane resistance (R m ) from 26.9 Ϯ 3.9 to 39.9 Ϯ 7.0 M⍀. C: the same voltage ramp as in A was used to measure membrane currents in control solution (pH 7.4) and during focal application of pH 7.0 in the presence of 10 mM external K ϩ . Digital subtraction of the membrane current in pH 7.0 from control reveals the pH-sensitive component, which reversed at Ϫ64 mV in this cell. D: bar chart summarizing the E rev of pH-sensitive membrane currents measured in the presence of 2.5 (n ϭ 8) or 10 mM (n ϭ 5) external K ϩ . *P Ͻ 0.05, 2-tailed paired Student's t-test. **P Ͻ 0.05, 2-tailed independent Student's t-test. experiments, focal acidification (HEPES-buffered titrated to pH 7.0) led to a significant increase in the membrane resistance (41.7 Ϯ 6.8 vs. 51.5 Ϯ 7.9 M⍀ in pH 7.4 and pH 7.0, respectively; n ϭ 5; P Ͻ 0.05; data not shown). As expected, the pH-sensitive current reversed at Ϫ90 Ϯ 6.7 mV (n ϭ 4), close to the K ϩ Nernst potential of Ϫ102 mV. Together, these results suggest that pH 7.0 depolarizes glia in the NTS by inhibiting a K ϩ -selective conductance. NTS glia show functional expression of glutamate transport currents. Glia throughout the brain express high-affinity glutamate transporters and play a vital role in clearing synaptically released glutamate (Wang and Bordey 2008) . Thus we tested for functional expression of glutamate transporters in glia to determine the role of glutamate uptake during synaptic transmission in the NTS. Since NTS glia have been shown to express AMPA receptors (McDougal et al. 2011) , we used the substrate D-Asp (instead of L-glutamate) to minimize activation of ionotropic glutamate receptors (iGluRs). To further limit contamination from ionotropic receptor activation (in particular, NMDA receptors), we made these recordings in the presence of 5 mM kynurenic acid, 100 M picrotoxin, and 1 M strychnine. As shown in Fig. 3A , a 1-s focal application of 500 M D-Asp (at a holding potential of Ϫ80 mV) led to a slowly activating inward current that declined over several seconds. To determine the current-voltage relationship of the transporter current, we applied D-Asp at holding potentials ranging from Ϫ100 to Ϫ40 mV in 10-mV increments. As expected for electrogenic glutamate-coupled transport currents (Zerangue and Kavanaugh 1996) , depolarization from a holding potential of Ϫ100 mV led to a decrease in the peak amplitude of the transport current induced by D-Asp (Fig. 3B) . If the D-Asp response is mediated by transporters, then 100 M TBOA, a broad-spectrum blocker of glutamate transporters, should inhibit this response. Indeed, TBOA inhibited the 100 M D-Asp induced charge transfer by 88.9 Ϯ 9.0% (Fig. 3 , C and D; P Ͻ 0.05, n ϭ 4). Together, these results show that the voltagedependent D-Asp-induced responses in NTS glia are due to activation of glutamate transporters.
Glia are known to express the GLAST and GLT-1 glutamate transporters (Chaudhry et al. 1995; Rothstein et al. 1996) . Immunocytochemical and electron microscopy studies have suggested that NTS glia predominantly express the GLT-1 (EAAT2) glutamate transporter (Chounlamountry and Kessler 2011) . To determine the identity of the transporters underlying the D-Asp-induced currents in NTS glia, we applied 100 M D-Asp in the presence of 100 nM TFB-TBOA. At this concentration, TFB-TBOA selectively blocks glial glutamate transporters GLAST and GLT-1 (Shimamoto et al. 2004; Tsukada et al. 2005) . Indeed, 100 nM TFB-TBOA attenuated the D-Asp induced response by 84.6 Ϯ 11.1% (Fig. 3 , C and D; P Ͻ 0.05, n ϭ 4), similar to the proportion inhibited by TBOA. To further narrow down the identity of the transporter(s) involved, we tested the effect of 300 M DHK, a selective blocker of GLT-1 subtype (Arriza et al. 1994) . DHK reduced the charge transfer by 73.4 Ϯ 4.9% (Fig. 3 , C and D; P Ͻ 0.05, n ϭ 4), suggesting that the majority of the transporter current is mediated by GLT-1 transporters.
Repetitive stimulation in transverse brainstem slices leads to slow excitatory potentials. The strong pH sensitivity of glial background channels and the resulting potential inhibition of voltage-dependent glutamate uptake suggest that acidification may affect synaptic transmission in the NTS. This effect may be particularly important for the peculiarly slow excitatory potential (SEP) previously described in this brain stem area (Ballanyi et al. 1993; Fortin et al. 1992) . To elicit SEPs, we repetitively stimulated the solitary tract (10 Hz, 20 pulses) and recorded the resulting excitatory postsynaptic potentials (in the presence of 100 M picrotoxin and 1 M strychnine) from NTS neurons. In addition to fast EPSPs (Fig. 4A, inset) , this stimulation evoked SEPs that decayed exponentially over several seconds (decay time constant: 4.3 Ϯ 0.4 s, n ϭ 47). A time control experiment where SEPs were evoked 5 min apart demonstrated that they can be evoked reliably within this time frame (second SEP was 99.9 Ϯ 10.9% of the first SEP; n ϭ 4; P Ͼ 0.05; Fig. 4E) ; hence, drugs were applied for ϳ5 min in all subsequent pharmacology experiments. Previous studies suggested that a portion of the SEP is mediated by glutamatergic signaling (Ballanyi et al. 1993; Fortin et al. 1992) . Metabotropic glutamate receptor (mGluR) activation following repetitive stimulation has been shown to cause slow EPSPs in other brain areas (Hartmann et al. 2008) . However, application of 500 M MCPG, a nonselective group I/II mGluR antagonist, did not cause any significant change in the SEP amplitude (93.8 Ϯ 22.4% of control, P Ͼ 0.05, n ϭ 6; Fig. 4 , B and E), suggesting that in the NTS mGluR signaling is not necessary for the SEP. To investigate the involvement of iGluRs, we tested the effect of 50 M D-AP5 and 20 M DNQX, selective antagonists for AMPA/kainate and NMDA receptors, respectively. Bath application of 50 M D-AP5 led to a significant decrease in the SEP amplitude (to 54.4 Ϯ 21.1% of control, P Ͻ 0.05, n ϭ 8; Fig. 4, C and E) . Application of 20 M DNQX eliminated the fast EPSPs (not shown) and also caused a reduction in the SEP (to 26.5 Ϯ 10.5% of control, P Ͻ 0.05, n ϭ 7; Fig. 4, D and E) . Together, these studies suggest that activation of iGluRs underlies a portion of the SEP elicited by repetitive stimulation in the NTS.
Glial glutamate transporters regulate the SEP. Given that repetitive stimulation in the NTS leads to a SEP mediated via glutamatergic signaling, we reasoned that this process may be regulated by glial glutamate transporters. In keeping with this hypothesis, inhibiting glutamate uptake with 100 M TBOA potentiated the SEP almost threefold (4.5 Ϯ 1.1 mV vs. 11.7 Ϯ 1.8 mV in control and TBOA, respectively; n ϭ 9, P Ͻ 0.05; Fig. 5, A and B) , suggesting that glutamate accumulation following repetitive stimulation causes the SEP. Because TBOA blocked a large fraction of the glial transport current (Fig. 3C) , its effect on the SEP is likely mediated by glial glutamate transporters. To further rule out a contribution from neuronal glutamate uptake, we tested whether NTS neurons show functional expression of glutamate transporters. To increase our chances of detecting a response to D-Asp, we made recordings using a potassium thiocyanate-based internal solution to take advantage of the larger currents observed through the anion conductance of the transporters (Bergles and Jahr 1998) . Focal application of 500 M D-Asp (in the presence of 5 mM kynurenic acid, 100 M picrotoxin, and 1 M strychnine) onto neurons voltage-clamped at Ϫ70 mV led to no detectable substrate-induced currents ( Fig. 5B; n ϭ 8) , further supporting the idea that TBOA affects the SEP through its effect on glia. Although these data clearly point toward an effect of TBOA on glial transporters, an effect on neuronal transporters could not be definitely ruled out. Therefore, we performed a set of recordings to investigate whether DHK, a blocker specific for the glial transporter GLT-1, also enhances the SEP amplitude. In keeping with the idea that the TBOA effect is mostly on glia transporters, DHK also significantly increased the size of the SEP (6.6 Ϯ 2.1 vs. 10.4 Ϯ 2.5 mV in control and DHK, respectively; n ϭ 8, P Ͻ 0.05, 1-tailed Wilcoxon signed-rank test; Fig. 5C ).
Glial background potassium channels regulate the neuronal SEP. Given that glial glutamate transporters regulate the SEP, we hypothesized that hindering the function of these transporters would mimic the potentiating effect of TBOA and DHK on the SEP magnitude. NTS glia express pH-sensitive background potassium currents, and since barium inhibits most of them (Patel and Honoré 2001; Taverna et al. 2005) , we tested its effect on glial membrane currents. Indeed, 1 mM Ba 2ϩ reduced the peak current recorded in glia (at 0 mV it was reduced from 4.84 Ϯ 0.6 to 2.74 Ϯ 0.4 nA; n ϭ 5; P Ͻ 0.05; Fig. 6, A and B ) and led to a significant increase in the membrane resistance (15.1 Ϯ 3.9 vs. 22.0 Ϯ 7.0 M⍀ in control and Ba 2ϩ , respectively; n ϭ 5; P Ͻ 0.05; Fig. 6B ). Because depolarizing the membrane potential reduces glutamate uptake (Fig. 3) , we predicted that depolarizing the glia with barium should increase glutamate accumulation following repetitive stimulation and, therefore, potentiate the SEP. As expected, 1 mM Ba 2ϩ potentiated the neuronal SEP to 430 Ϯ 168% of control (n ϭ 5, P Ͻ 0.05; Fig. 6, C and D) . A: current-clamp recording from a neuron in an acute NTS slice shows that stimulation with a train of stimuli (20 pulses at 10 Hz) evoked both fast excitatory postsynaptic potentials (EPSPs; top) and a slow excitatory potential (SEP; bottom) which decayed over several seconds. The vertical dotted line is placed 300 ms after the last stimulus; the peak of the SEP is calculated over a 20-ms window from this time point. B: the SEP was not mediated by group I/II metabotropic glutamate receptor (mGluR) signaling, since it was not modified by bath application of (RS)-␣-methyl-4-carboxyphenylglycine (MCPG). C: NMDA receptor blockade by D-(Ϫ)-2-amino-5-phosphonopentanoic acid (D-AP5; 50 M) attenuated the SEP. D: 6,7-dinitroquinoxaline-2,3-dione disodium salt (DNQX; 20 M), a blocker of AMPA receptors, also inhibited the SEP. E: bar chart summarizing the effects of the drugs tested, normalized to control. SEPs were evoked 5 min apart in a time control (TC) experiment. Amplitude of the second SEP was 99.9 Ϯ 10.8% of the first one. MCPG did not affect the SEP (it was 93.8 Ϯ 22.4% of control, n ϭ 6), whereas D-AP5 and DNQX reduced the SEP to 54.4 Ϯ 21.1% (n ϭ 8) and 26.5 Ϯ 10.5% (n ϭ 7) of control values. *P Ͻ 0.05, Wilcoxon signed-rank test; stimulus artifacts have been truncated.
pH regulates the SEP through glial glutamate transporters.
Since extracellular acidification depolarizes the glial membrane potential (Fig. 1) , it should also potentiate the SEP. As expected, reducing the bath pH to 7.0 (by decreasing the NaHCO 3 concentration in bicarbonate-buffered ACSF to 9 mM) potentiated the SEP to 126 Ϯ 29% of control (7.2 Ϯ 1.6 vs. 9.1 Ϯ 2.1 mV in control and pH 7.0, respectively; n ϭ 9, P Ͻ 0.05; Fig. 7A ). In keeping with the hypothesis that the SEP potentiation by acidification is mediated through the depolarization-induced reduction of glial transporter activity, bath acidification (pH 7.0) did not potentiate the SEP when glial glutamate transport was blocked by either TBOA or DHK. In TBOA, pH 7.0 actually reduced the SEP to 43.7 Ϯ 15% of control, although not significantly (16.8 Ϯ 4.3 vs. 7.4 Ϯ 2.5 mV in TBOA at pH 7.4 and pH 7.0, respectively; n ϭ 6, P Ͼ 0.05; Fig. 7B ). Since the SEP is mediated by iGluRs (Fig. 4) , the observed decrease likely reflects the direct inhibitory effect of acidic pH on iGluRs (Dingledine et al. 1999; Mayer 2005; Mott et al. 2003; Traynelis and Cull-Candy 1990) . Accordingly, the SEP response to pH 7.0 (normalized to control at pH 7.4) for all neurons tested in the absence of TBOA was significantly larger than the response to acidification in its presence (118 Ϯ 14% vs. 53 Ϯ 15% in the absence and presence of TBOA, respectively; n ϭ 9 and 6, respectively; P Ͻ 0.05, unpaired Student's t-test). As expected, DHK also occluded the potentiating effect of acidification on the SEP (10.4 Ϯ 2.5 vs. 7.8 Ϯ 1.5 mV in DHK at pH 7.4 and pH 7.0, respectively; n ϭ 6; P Ͼ 0.05; Fig. 7C ).
By inhibiting glutamate uptake, TBOA or DHK lead to an increase in glutamate accumulation following synaptic release. This may saturate the iGluRs mediating the SEP and can preclude the detection of a potentiating effect of pH 7.0 in the presence of these blockers. To address this possibility, we tested whether increasing presynaptic glutamate release (by stimulating with 50 pulses at 50 Hz) in the presence of TBOA potentiates the SEP compared with the stimulation protocol used for the occlusion experiments above (20 pulses at 10 Hz). SEPs elicited by the 50-Hz train had a significantly higher amplitude than those evoked by the 10-Hz stimulation (11.6 Ϯ 2.5 vs. 20.9 Ϯ 4.4 mV with 10-Hz and 50-Hz stimulation, respectively; n ϭ 6; P Ͻ 0.05; Fig. 7C ). Together, these results argue that the stimulation protocol used does not saturate the neuronal SEP and that the potentiating effect of acidification is mediated through glial glutamate transporters.
These recordings were done at room temperature, which allows for more stable recording conditions. The activity of glutamate transporters, however, is enhanced at higher temperature. Hence, we tested the pH-dependent modulation of the SEP near to normal body temperature. Acidifying the bath solution to pH 7.0 at 35°C potentiated the SEP to 146 Ϯ 28% of control (6.0 Ϯ 1.1 vs. 8.8 Ϯ 1.7 mV; n ϭ 19; P Ͻ 0.05; Fig. 8, A and B) , similar to the increase observed at room temperature.
pH does not affect presynaptic glutamate release or glial glutamate uptake. So far we have provided evidence that acidification potentiates the SEP by inhibiting glutamate uptake via glial glutamate transporters. However, acidification might have a direct impact on presynaptic glutamate release. Therefore, we tested the effect of acidification on release probability by measuring the paired-pulse ratio (PPR) of excitatory postsynaptic currents (EPSCs) evoked 20 ms apart Fig. 7 . Acidification potentiates the SEP through block of glutamate transporter activity. A: acidification with pH 7.0 potentiated the SEP to 126 Ϯ 29% of control (pH 7.4). B: preapplication of TBOA in a pH 7.4 solution occluded the potentiating effect of pH 7.0 (43.7 Ϯ 15% of the value in TBOA alone; n ϭ 6; P Ͼ 0.05). C: similarly, preapplication of DHK also occluded the potentiating effect of acidification (84 Ϯ 17% of the amplitude in DHK alone). D: SEPs were evoked at 10 Hz (20 pulses) or 50 Hz (50 pulses) in the presence of TBOA. The 50-Hz stimulation evoked a larger SEP than the 10-Hz stimulation (180 Ϯ 38% of the SEP at 10 Hz; n ϭ 6). *P Ͻ 0.05, Wilcoxon signed-rank test; stimulus artifacts have been truncated. (Fig. 9, A and B) . To reliably rule out this possibility, we performed this experiment only on cells that showed a clear potentiation of the SEP with acidification at 35°C (acidification potentiated the SEP to 230 Ϯ 80% of control in this set of cells, n ϭ 6). EPSCs elicited in control or pH 7.0 had similar amplitudes (Ϫ178.4 Ϯ 57 vs. Ϫ153.3 Ϯ 63 pA, respectively; n ϭ 6; P Ͼ 0.05) and PPR (0.60 Ϯ 0.07 vs. 0.66 Ϯ 0.13, respectively; n ϭ 6; P Ͼ 0.05). These findings suggest that acidification does not significantly influence properties of presynaptic release.
Glutamate transporters cotransport a proton for every glutamate molecule (Zerangue and Kavanaugh 1996) , suggesting that acidic pH may modulate the SEP by acting directly on the transporters, rather than through the glial membrane potential. To test this possibility, we elicited substrate currents by focal application of D-Asp dissolved in control (pH 7.4) or acidic (pH 7.0) ACSF. Since the glia membrane potential was voltage-clamped at Ϫ80 mV, any effect of acidification on the substrate current is attributable to a direct effect of pH on the transporters. The bath was acidified to pH 7.0 prior to focal application of D-Asp dissolved in acidic ACSF to avoid contamination from pH-sensitive background K ϩ currents (Fig. 2 ).
D-Asp induced similar responses under both conditions (109 Ϯ 33% of control in 9 mM NaHCO 3 ; n ϭ 4, P Ͼ 0.05; Fig. 9 , C and D), suggesting that acidification influences glutamate uptake through an effect on the glial membrane potential.
DISCUSSION
We performed electrophysiological recordings from acute slices to test the hypothesis that glia play a modulatory role in excitatory synaptic transmission in the NTS. In keeping with this hypothesis, we found that depolarizing glia inhibits glutamate transport currents, suggesting reduced glutamate uptake, which is critical in regulating the magnitude of the SEP. As expected, the SEP is potentiated by both TBOA and DHK, blockers of glutamate uptake, and extracellular acidification, which depolarizes glia. Importantly, the potentiating effect of pH 7.0 is occluded by TBOA and DHK, suggesting that acidification works through glial glutamate transporters. Consistent with this interpretation, pH 7.0 did not exert a direct effect on substrate-coupled transporter currents in glia or on presynaptic glutamate release (Fig. 9) .
What type of glia is involved? We used the vital dye SR-101 to identify glia in the NTS. This dye has been shown to specifically label astrocytes when injected in vivo (Nimmerjahn et al. 2004 ) and in vitro (Kafitz et al. 2008; Takahashi et al. 2010; Uwechue et al. 2012) . Importantly, in vivo injection of SR-101 into the NTS led to specific labeling of structures that were also glial fibrillary acidic protein (GFAP) immunoreactive, validating their astrocytic phenotype (McDougal et al., 2011) . However, care must be taken in categorizing these cells as astrocytes based solely on the fact that they were labeled by SR-101, since our dye-loading procedure was performed on acute slices. Moreover, heterogeneity in SR-101 loading across brain regions has been described recently (Schnell et al. 2012) . NTS SR-101-labeled cells displayed the typical biophysical properties associated with astrocytes (Wang and Bordey 2008) . They are electrically silent (i.e., lack action potentials), have a hyperpolarized membrane potential, exhibit a low input resistance, and express large voltage-independent K ϩ currents (Fig. 2) . In agreement with the electron microscopy studies showing expression of GLT-1 in NTS astrocytes (Chounlamountry and Kessler 2011) , the SR-101-labeled cells show functional expression of glutamate transporter currents that are significantly inhibited by DHK, a GLT-1-specific inhibitor (Fig. 3C) . Interestingly, studies from transgenic reporter mice show that GLT-1 promoter activity is almost completely overlapping with GFAP immunoreactivity in the brainstem, indicating that GLT-1 is preferentially expressed in astrocytes (Regan et al. 2007 ). Together, these observations suggest that the SR-101-labeled cells in the NTS are indeed astrocytes.
Glutamatergic signaling and slow excitatory potentials. In agreement with studies published two decades ago (Ballanyi et al. 1993; Fortin et al. 1992) , we found that synaptic stimulation of NTS neurons with a train of stimuli elicits a glutamatergic potential that decays slowly over several seconds and is mediated by both AMPA and NMDA receptors. A portion of the SEP is resistant to blockers of iGluRs and likely represents accumulation of extracellular K ϩ following repetitive synaptic stimulation, as described previously (Ballanyi et al. 1993) . Given that neurons were held at Ϫ70 mV before synaptic stimulation, the contribution of NMDA channels in generating the SEP is surprising because of the voltage-dependent Mg 2ϩ block (Dingledine et al. 1999; Nowak et al. 1984) . However, the NR2D subunit, which is expressed by most NTS neurons (Liu and Wong-Riley 2010; Paarmann et al. 2005) shows a reduced sensitivity to blockade by Mg 2ϩ (Kuner and Schoepfer 1996) and may mediate the NMDA receptor response. Alternatively, the depolarization induced by AMPA receptor acti- vation might relieve a portion of the Mg 2ϩ block, hence enabling NMDA receptor activation (Lee et al. 2007) .
The presence of iGluR-mediated slow excitatory synaptic transmission is not unique to the NTS. Indeed, high-frequency stimulation of the parallel fiber to stellate cell synapse in the cerebellum results in relatively slow AMPA receptor-mediated synaptic currents that are under the control of glutamate transporters (Carter and Regehr 2000) . What might be the structural basis for SEP in the NTS? Interestingly, only ϳ60% of the synaptic perimeter is contacted by astrocytic processes in the NTS (Chounlamountry and Kessler 2011) . Incomplete glial wrapping of the synaptic space can hinder glutamate clearance (Oliet et al. 2001) , allowing the released glutamate to escape the synaptic cleft and activate extrasynaptic receptors, thus mediating a portion of the SEP. Accordingly, electron microscopy studies show that a majority of dendritic labeling for NMDA receptors in the NTS occurs at extrasynaptic sites (Aicher et al. 1999) . Under normal conditions this activation would be limited by uptake of glutamate by transporters that are present in and around the synaptic space. However, reducing transporter activity with TBOA or glia depolarization (acidification) would increase the lifetime of glutamate in the extracellular space, thereby potentiating the SEP.
Our whole cell recordings also did not detect functional expression of glutamate transporters in NTS neurons (Fig. 5C) , suggesting that the glial transporters are largely responsible for uptake of the released glutamate. Similar findings were obtained in the hippocampus, where outside-out patches from pyramidal neurons did not show functional expression of transporters, and synaptically evoked transporter currents were found only in glia (Bergles and Jahr 1998) . However, it must be noted that our experiments were done using focal application of D-Asp onto the neuronal somata; thus transporters expressed in distal dendrites may have been missed. Moreover, neuronal transporters might be expressed at a low density that precludes detection by our method. Hence, we cannot completely rule out the expression of some types of glutamate transporters in NTS neurons; yet, we are quite confident that the observed modulation of the SEP is mostly mediated through the glial transporters.
Acidification potentiates slow excitatory potentials. We show that extracellular acidification potentiates the SEP. Interestingly, 1 mM Ba 2ϩ , which also blocks leak potassium channels in the glia, mimics the potentiating effect of pH 7.0 (Fig.  6) . Inhibition of background potassium channels by Ba 2ϩ has been shown to reduce glutamate clearance by cultured cortical astrocytes (Kucheryavykh et al. 2007) . Although these results are in agreement with our interpretation that pH 7.0 potentiates the SEP by depolarizing the glial resting potential, Ba 2ϩ may also influence presynaptic release. However, this is unlikely since Ba 2ϩ does not significantly affect the PPR of evoked synaptic events (Barral et al. 2003; Huang and Gean 1994; Ziakopoulos et al. 2000 ; but also see Choi et al. 2008) .
We also found that acidification-induced potentiation of the SEP was not present to the same extent in every neuron tested, whereas TBOA and DHK potentiated the SEP in all neurons tested. Several explanations could account for this. Acidification depolarizes the glial membrane potential by ϳ10 mV, which is expected to reduce glutamate uptake by ϳ15% (Fig.  3B) . Since TBOA inhibits ϳ90% of the transporter currents in glia (Fig. 3, C and D) , it is expected to have a larger effect on the neuronal SEP. As previously discussed, only ϳ60% of the synaptic perimeter is contacted by astrocytic processes in the NTS, and it is likely that not all synapses are equally covered with transporter-expressing glial membrane. Therefore, any modulatory effect of pH on glutamate uptake would necessarily depend on the amount of glial wrapping at each individual synapse. In this context, it is also possible that part of this wrapping is lost during the slicing process; if that is the case, we expect that the amount of pH modulation described here represents a lower limit for what happens in the in vivo setting. Since glutamate uptake is enhanced at high temperature, it is surprising that we could not detect an effect of temperature on the acidification-induced potentiation of the SEP. However, since not all cells are responsive to acidification, the temperature sensitivity is decreased by the inclusion of nonresponsive cells in our analysis. Indeed, if only cells that show a clear potentiation with acidification are analyzed, acidification potentiates the SEP to a greater extent at 35°C than at room temperature (P Ͻ 0.05; data not shown).
Glutamate transport is directly affected by extracellular pH since it is fueled by cotransport of protons (Zerangue and Kavanaugh 1996) . Although our results suggest that pH 7.0 does not significantly influence uptake (Fig. 9, C and D) , glial glutamate transporters located in the vicinity of synapses might be exposed to more acidic pH since neurotransmitter-containing vesicles are usually quite acidic (Krishtal et al. 1987; Miesenbock et al. 1998) . Neuronal activity following synaptic stimulation also leads to alterations in local concentrations of K ϩ (Ballanyi et al. 1993) , another ion coupled to uptake of glutamate. Dynamic changes in the extracellular concentration of these ions, as well as the ambient level of glutamate, may influence the amount of glutamate that can be taken up by glial transporters. Hence, these variables will likely influence the extent of depolarization-induced reduction in transporter activity. Adding to this complexity is the direct effect of pH on iGluRs. For instance, AMPA, NMDA, and most kainate receptor subunits are inhibited by acidic pH (Dingledine et al. 1999; Mayer, 2005; Mott et al. 2003) . In light of this, the potentiating effect of acidic pH observed in a subset of neurons likely reflects scenarios where the direct inhibitory effect of protons on iGluRs is outweighed by its inhibitory effect on glutamate uptake by glia and the ensuing increase in extracellular glutamate.
Taken together, these results strongly support the hypothesis that acidification potentiates the SEP by depolarizing glia, thereby inhibiting glutamate uptake. Although this is the most likely explanation for our data, we cannot rule out a contribution from other unknown mechanisms to the observed effects of acidification.
Implications for NTS function. Selective chemical activation of NTS astrocytes with a proteinase-activated receptor 1 (PAR1) agonist leads to glutamate-mediated calcium signals in NTS neurons (Hermann et al. 2009 ). Similarly, our results suggest that NTS glia exert a modulatory influence on neuronal excitability by regulating the SEP. Glia express a wide array of receptors for various neurotransmitters and hormones (Heni et al. 2011; Lalo et al. 2011; Rao and Sikdar 2007; Spence et al. 2011) . Together, these may allow glia to integrate relevant local chemical signals with incoming visceral sensory information from the periphery. In this regard, the pH-dependent modulation of glutamate uptake by glia may be particularly important for cardiorespiratory-related central chemoreception, a process that contributes importantly to pH homeostasis by regulating cardiorespiratory activity. The NTS is ideally positioned to integrate peripheral and central chemosensory information, since it receives afferent input from peripheral chemoreceptors and is also directly involved in central chemosensitivity (Dean and Putnam 2010; Huda et al. 2012; Nattie and Li 2002; Nichols et al. 2009 ). Moreover, NTS neurons send projections to regions in the ventral respiratory column where they provide synaptic drive to respiratory pattern-and rhythmgenerating neurons as well as other chemosensitive regions such as the retrotrapezoid nucleus (Alheid et al. 2011; Huda et al. 2012; Takakura et al. 2006) . Repetitive afferent input into the NTS would activate fast EPSPs and SEPs in relevant subpopulation of NTS neurons. Concurrently, acidification would lead to a depolarization of NTS glia, a decrease in glutamate uptake, and increase in the SEP (in neurons either directly or indirectly activated by peripheral chemoreceptor input). By increasing the excitability of these neurons, acidification-induced glial depolarization may potentiate activation of NTS neurons responsible for relaying chemosensory information to downstream targets of the respiratory network. Such a mechanism may contribute to the proposed central chemoreception-mediated potentiation of peripheral chemoreceptor inputs (Dempsey et al. 2012) . Although speculative, this scenario highlights one way in which glia can serve as a signal-gain module of NTS circuitry that can integrate a local tissue signal (pH) with glutamatergic synaptic information. 
